
OFFICE OF NAVAL RESEARCH 

CONTRACT N00014-94-1-0101 

R&T CODE 31321075 

Technical Report #52 

RADICAL POLYMERIZATION OF STYRENE IN THE PRESENCE 
OF NITROXYL RADICALS. EXPERIMENTS AND SIMULATIONS. 

by 

D. Greszta, K. Matyjaszewski, D. Priddy 

Published 

in the 

ACS Polymer Preprints, in press 

Carnegie Mellon University 
Department of Chemistry 

4400 Fifth Avenue 
Pittsburgh, PA 15213 

June 12, 1996 

Reproduction in whole or in part is permitted for any purpose of the United States Government 

This document has been approved for public release and sale; 
its distribution is unlimited. 

19960621 016 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

I OJO.-: -«-ixjr n-i cur-en *c 
i -y~»f ^2 irz f-airTiirmg :neoau reused, and 

.^.,cr, .., ,ntCrmjiton 'S estimated to iverage I "0':r oer resoonse. including the time for reviewing instructions, searching existing data sources. 
ccmoletina and reviewing the collection of Information. Send comments regarding this burden estimate or any other asoect of this ,.-», r~ .r"- f-air:lining meoau needed, and ccmoietina ana revi-winq ine cunctuunoi »■iUlmaiMi.   ;<;..« WM.MI....... .<.*,»• ».-.^ ."•* --.---■■ ..  -• -•-, " r~ ,".7 

-,i»^-n M rn-,,T»nc"   ncruamc: su^estions tor reduana tnis ourden. to //ashinaton Heaoauarters Services. Directorate for information Operations and Reports  1215 Jefferson 
\J*i£'ir-»M S-:e i2ci.«.riirg:sn.va 22202J302. and to me Office o' Management and 9udget. Paperwork Reduction Prciect (0704-0188). Washington. DC 20503. 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE  AND DATES COVERED 

Technical Report #52 

4. TITLE AND SUBTITLE 
Radical Polymerization of  Styrene  in the Presence of 
Nitroxyl Radicals.     Experiments  and  Simulations. 

6. AUTHOa(S) 
D.   Greszta,   K.  Matyjaszewski,   D.   Priddy 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Carnegie Mellon University 
Department  of  Chemistry 
4400  Fifth Avenue 
Pittsburgh,  PA 15213-2683 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Department of Navy 
Office of Naval Research 
800 North Quincy Street 
Arlington, VA 22217-5000 

\ 

5. FUNDING NUMBERS 
N0004-94-1-0101 

8.  PERFORMING ORGANIZATION 
REPORT NUMBER 

N0004-94-1-0101 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

Technical Report #52 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 

13. ABSTRACT '.Maximum 200 wcrcs) 

Polymerization of styrene in the presence of a stable radical TEMPO has been simulated using a 
Predici simulations package. Based on the experimental data, a kinetic model for the TEMPO- 
moderated polymerization of styrene has been proposed. It was shown that in order to properly 
simulate the experimental data, in addition to the reversible cleavage of the TEMPO-polymeric 
radical adduct, it is necessary to include thermal self-initiation, transfer and irreversible 
decomposition of intermediate alkoxyamines in the polymerization model. This model, combined 
with the experimental data and literature values of the rate constants of propagation (kp), 
termination (kt), transfer (ktjm), and alkoxyamines decomposition (kdecomp). was then employed to 
estimate kinetic and thermodynamic parameters of the exchange between dormant and active 
species. The equilibrium constant K was estimated to be around M0-10 mol/L, the deactivation 
rate constant kd = 3- 107mol-1Ls"! and the activation rate constant ka= STO^moHLs-1 for bulk 
styrene polymerization at 120°C. 

14. SUBJECT TERMS 

17.   SECURITY CLASSIFICATION 
OF REPORT 

18.   SECURITY CLASSIFICATION 
OF THIS PAGE 

19.   SECURITY CLASSIFICATION 
OF ABSTRACT 

15. NUMBER OF PAGES 

16. PRICE COOE 

20. LIMITATION OF ABSTRACT 

NSN 7540-O1-280-S5OO Standard Form 298 (Rev. 2-89) 
Prescribed bv ANSI Std  Z39-'8 
298-102 



GENERAL INSTRUCTIONS FOR COMPLETING SF 298 

The -eoor; Documentation Page (RDP) is used in announcing and cataloging reports. It is important 
tnat tnis information be consistent with the rest of the report, particularly the cover and title page. 
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet 
optical scanning requirements. 

3iocKl. Aoencv Use Only (Leave blank). 

Block 2.   Report Date. Full publication date 
inducing day, month, and year, if available (e.g. 1 
jan 88). Must cite at least the year. 

Blocks. Type of Report and Dates Covered. 
State whether report is interim, final, etc. If 
applicable, enter inclusive report dates (e.g. 10 
Jun87-30Jun88). 

Block 4.   Title and Subtitle. A title is taken from 
the part of the report that provides the most 
meaningful and complete information. When a 
report is prepared in more than one volume, 
repeat the primary title, add volume number, and 
include subtitle for the specific volume. On 
classified documents enter the title classification 

in parentheses. 

Blocks.  Funding Numbers. To include contract 
and grant numbers; may include program 
element number(s), project number(s), task 
number(s), and work unit number(s). Use the 
foliowina labels: 

C    -   Contract 
G    -    Grant 
PE  -   Program 

^ I e m e nf 

PR    - Project 
TA Task 
WU Work Unit 

Accession No 

=sccns!D;e ;T wr; 
-■ori'j). 'iarneis) of person(s) 

ir.e report, performing 
■ti with the content of the 
-3:-er. this snouid foücw 

- j;.-: 

'55 

;: r_ ,- tor ": "C ürcam13 ion Namef's) and 
,-1 c^ •. 

"TO r m no 

anatory. 

Graanization Report - OCX 3 ^^ 

Numser. Enter the unique alphanumeric report 
numcen.s) assianed by the organization 
performing the report:. 

Sioc-c 9.  Sponsoring/Monitoring Aoencv Name(s) 
ana Address(es). Seif-explanatory. 

Block 10.   ?oonsor:"g/\''lon;torina Agency 
Report '-jumper, (if known) 

Slock 11. Supplementary Notes. Enter 
information not included elsewhere such as: 
Prepared in cooperation with...; Trans, of...; To be 
published in.... When a report is revised, include 
a statement whether the new report supersedes 
or supplements me older report. 

Block 12a.  Distribution/Availability Statement. 
Denotes public availability or limitations. Cite any 
availability to the public. Enter additional 
limitations or special markings in all capitals (e.g. 
NOFORN, REL, ITAR). 

DOD 

DOE 
NASA 
NT1S 

See DoDD 5230.24, "Distribution 
Statements on Technical 
Documents." 
See authorities. 
See Handbook NHB 2200.2. 
Leave blank. 

Block 12b.  Distribution Code. 

DOD 
DOE 

NASA 
NTIS 

Leave blank. 
Enter DOE distribution categories 
from the Standard Distribution for 
Unclassified Scientific and Technical 
Reports. 
Leave blank. 
Leave blank. 

Block 13. Abstract. Include a brief (Maximum 
200 words) factual summary of the most 
significant information contained in the report. 

Block 14.  Subject Terms. Keywords or phrases 
identifying major subjects in the report. 

Block 15.   Number of Paoes. inter- 

number of pages. 

ie tcta; 

Block 16.  Price Code. Enter appropriate price 
code (NTIS only). 

Blocks 17. -19.  Security Classifications. Self- 
explanatory. Enter U.S. Security Classification in 
accordance with U.S. Security Regulations (i.e., 
UNCLASSIFIED). If form contains classified 
information, stamp classification on the top and 
bottom of the page. 

Block 20. Limitation of Abstract. This block must 
be completed to assign a limitation to the 
abstract. Enter either U L (unlimited) or SAR (same 
as report). An entry in this block is necessary if 
the abstract is to be limited. If blank, the abstract 

is assumed to be unlimited. 

Standard Form 298 Back (Rev. 2-89) 
•U.S.GPO: 19930-358-779 



Radical Polymerization of Stvrene in the Presence of 
Nitroxyl Radicals. Experiments and Simulations. 

ERffi?7"1, ^rZy,S2t°f Matyja«ewski». Carnegie Mellon Universirv, 4400 Fifth Ave., Pittsburgh, PA 15213 
Duane Priddy, Dow Plastics, Dow Chemicals Co.. Midland. Ml 48667 

Introduction 

h«.n J^?£ P°'ymcrization. in spite of its commercial importance, has 
been very difficult to control at a level attained for anionic and cationic 
po ymenzanon A rational design and approach to controlled/living radical 
polymerization based on the reversible formation of growing radicals from 
various types of dormant species, has been presented onlv very recendyl 
Use of a sable radical TEMPO (2,2,6,6,-tetramemyl-l-piperidinvl -oxy) Li 
corresponding alkoxyamines as moderators for radical polymerization of 
styrenes has been probably most extensively studied2-7 but the exact 
mechanism and reasons for the preparation of well defined polymers are still 
£hS ."»objective of this paper is to summarize experimental data 
v,vTrfn ,hn dlffcrcm.but. comparable systems and provide a comprehensive 
view on the po ymenzanon of styrenc in the presence of TEMPO. By using 
computer sirnulanons, effects of various reactions occurring in this system 
mcluding self-imnanon, termination, transfer, decomposition of alkoxy- 
anwies as well as dynamics of exchange on kinetics, molecular weights and 
polydispersines are analyzed. 

Simulations were performed using program PREDICI which is based 
rf,Wri?TVC,R0thc "iethocl8 as a new numerical strategy for time 
SSSJ-'' ««s a discrete Galerkin h-p method to represent chain 
SdwATT and.ai'ows » follow concenrration of all subsrrates, low 
wllhl ™H1 

we,s*J.P««''«:B and intermediates as well as molecular 
weights and the corresponding distributions of all types of macromolecules. 

PoivTr^y1"1^ rtmlYf(< T" TEMPO MttHntrri Sfyrfnr 

inri„H J5f SimplCS! T*m for ** TEMP0 mediated styrene polymerization 
mcludes styrene and the corresponding TEMPO addict 21&ixL*M- 
Hlu-phenylethoxy)plperidine, MT. The basic reaction! in suc™em 

• homoiytic cleavage of the adduct: 
kt 

MT —     M*+T* 
*^ (1) 

• initiation and subsequent propagation: 

M* + M ~^- p>* (2) 

kpn=kp- Values of 

Pn* +   M  -J- Pn+1* (3) 

To simplify the analysis it is assumed that kpl   -„„_„    ,„UM ul 

propagation rate constants are available in literature and thev are kD=2103 
mol-lLs-'atl20°C9. -    c*Piiu 

• reversible deactivation of active chains: 
P"* + T'4^   P"T(4) 

• termination with a rate constant kt=107mol-l-L-s-l at 120°C '0 
Pn* + Pm*J^PrMn  (S) 

• thermal initiation, presumably by formation of unsaturated dimers11 

M + M-^D (6) 
The rate of thermal formation of dimer has been determined by using various 
inhibitors. By extrapolation of the data available in literature'2.13 the rate of 
dimer formation at 120°C was estimated to be approximately H0-6mol-L-l. 
From this value kdim=110-8 moH-L-s-l was calculated. 
The actual initiation probably occurs via hydrogen atom transfer to monomer 
as shown in Equation7. 

D + M-^D* + M* (7) 
There is no literature data about this step of thermal initiation. In order to fit 
the experimental kinetic data kj'= 310-8 moHLs-l was used. Additionally it 
was assumed that the dimer radical D* reacts with monomer with the same 
rate constant as monomeric radical. 

Although the simulations with the model based on equations 1-7 fit 
the experimental kinetic data very well, the calculated molecular weights were 
100 times too high. In order to fit the molecular weights, a transfer to 
monomer was added to the model. However, it did not result in a significant 

decrease of molecular weights (at 120 °C 0^=1.4-10-4 14, kttM=0.28 mol- 

P„. + M isw Pn + M. (g) 

Because most polymerizations were studied only to moderate conversions 
(<70%) transfer to polymer was not taken into account in these simulation 

When a transfer to the Mayo dimer (Eq.9) was incorporated into the 
model, a good agreement between observed and calculated molecular weights 
was obtained. The optimum fit was achieved for kffD=50 moHLs-l This 
relatively large value is justified as suggested by Olaj and coworkersl5. 

D + P*ni^D# + Pn (9) 

It has been reported that the adduct spontaneously thermally 
decomposes to styrene and hydroxylaminelö (Eq.10). Macroraolecular 
species should decompose with the similar rate constant k^mir^ 310-5s-l at 
120°C(Eq.ll). -«ujinp- 

MT!5=a*M* + TH (10) 

PT ^ZCPp= + TH   (ii) 
Results nnd nisrn^inn; 
Kinetics of polymerization 

Figure 1 illustrates a simulated kinetics of thermal self-initiated 
polymerization of styrene, together with a simulated kinetics of 
polymerization in the presence of 2,2.6,6-terramethyl-l-(l-phenylethoxv) 
pipendine and with experimental data from literature on polymerization 
initiated by AIBN or BPO and TEMPO or its adduct at 120 °C 

no4 
310* Z10* 

time/sec 
Figure 1. Kinetic plots for the simulated polymerization of styrene in the presence of 
adduct (0.012M] in bulk at 120°C with variable kinetics and thermodynamics of exchange, 
simulated ihermal polymerization of styrene and experimental data for different adduct 
concentrations: a: K=1I0«, fc^l-lO». k,=M0°: fc: K=M0-'0. k<j=1107. k,= 110-3- E- 
K=110-io. kd=M0', k,= 110-l; i: K=110-n, k^l-lO». k,= M0-2: t: thermal 
polymerization: exp. data: x [adduct]=0.0I2M: + [adductI=0.009M: A [addual=0.003M'7: 
° fadductl=0M; o [adduct)= 0.010M'*; ♦ [AIBN]= [TEMPO]=0.010M5; • [BPO!= 
rTEMPOl =0.0I0M3.19; (K is in mol/L, kd is in moH-L-s-l and ka in s-I) 

The best fit to experimental kinetic data, was found for values of the 
equilibrium constant K=ka/kd<10-'0mol/L, preferably K=10-Urnol/L. 
Apparently the dynamics of exchange has no effect on kinetics. Using either 
upper limit of the rate constants of deactivation k^lO'mol-i-L-s-l or 100 
times lower values kd=107mol-l-L-s-l (and correspondingly ka=10-ls-' and 
10-3s-i) has no effect on the rate of monomer consumption. K=10-"> mol/L 
is the upper limit for the equilibrium constant and lower values such as 10-1 > 
moi/L also fit the observed kinetics. 

Equilibrium TEMPO concentrations 
The available literature data and also estimates by UV and EPR 

indicate that approximately 1 to 10% of TEMPO (based on the initial 
alkoxyamine) is formed in the reactionSJO. The simulations showed that 
such high concentration of TEMPO is possible only in a system with the 
equilibrium constant K not lower than 10-10 mol/L at 1200C. Thus taking 
this into account as well as the results from kinetics simulations, the 
equilibrium constant K should be =10"in mol/L. 



Evolution   Of  molecular   wpj^hts   nnrl    nolvriisnersities    with 
conversion. 
No transfer, no decomposition 

Figure 2 illustrates the evolution of molecular weights with 
conversion tor the simplest systems without transfer and decomposition with 
variable exchange rates but constant value K=10-I0mol/L. It seems that 
some of the reported data agree relatively well with simulations if the rate of 
activation is larger than ka>10-3 s-' (kd>107 moHLs-i). Too high initial 
molecular weight arc predicted for smaller values of the exchange rate 
constants. 

2.5 

1.5 

0.2 0.8 1 0.4       0.6 
conversion 

Figure 2. Simulated dependence of number average degree of polymerization on 
conversion in systems with variable kinetics and equilibrium constant K=U0->0mol/L: a: 
kd=110', k^llO-ii^^lIOS. k,= 110-2:c,-ltj=1107. k,= l-10-3. Solid points 
correspond to experimental data (ci. fig.l) (ly is in mol-l-L-r' and ka in s-') 

Figure 3 depicts variation of polydispersities with conversion for 
various values of rate constants of activation and deactivation. The initial best 
fit was found for kd=3107 moH-L-s-l. a value which is substantially lower 
than the expected diffusion controlled values kd=lfj9 mol-'Ls-l. This can be 
ascribed either to higher viscosity of the system or to steric effects decreasing 
the reactivity of a macroradical. In systems with slow exchange a 
monotonous decrease of polydispersity with conversion is expected. The 
observed polydispersities increase at higher conversions. Thus some 
additional side reactions contribute to the broadening of molecular weight 
distribution. 
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Figure 3. Simulated dependence of molecular weight distribuuons on conversion in 
systems with variable kinetics and equilibrium constant K=H0-'°mol/L:a: kd=l-10'. 
(ca=M0-i; fc kd=3.107. k.=3-10-3: £: kd= 1-107. k»=I-10-3 (kj ls in moM-Ls-l and ka in 
s-1). Solid points correspond to experimental data (c.f. Fig.l). 

Transfer to monomer and decomposition of alkoxyamines 
Figure 4 demonstrates the effect of thermal self-initiation, transfer to 

monomer and decomposition of alkoxyamines on molecular weight 
distribution. Both self-initiation and transfer lead to relatively small increase 
of polydispersities, lower than experimentally observed. However, larger, 
and much closer to those observed experimentally, polydispersities are 
predicted by taking into account the decomposition reaction (eq. 10 and 11). 

In summary, it seems that the values of rates constants used in this 
work lead to successful simulation of observed rates, molecular weights and 
polydispersities of obtained of polymers and TEMPO concentrations. Thus, 
the apparently simple polymerization of styrene moderated by TEMPO 
adducts includes several other reactions: self-initiation, termination, transfer 
and decomposition of alkoxyamines. 
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Figure 4. Effect of various side reactions on simulated dependence of molecular weights 
distribuuons on conversion in systems with K=11010mol/L, kjsl-lO'mol-'-Ls-', 
k,= l-10-'s-';a: exchange only; bj thermal initiation, t: transfer to monomer it- 
decomposition of alkoxyamine: e: all side reactions combined. Solid points correspond to 
experimental data (c.f. Fig.l). 

Conclusion«; 
TEMPO moderated polymerization of styrene proceeds with the very 

low stationary concentration of radicals generated by homolytic cleavage of 
alkoxyamines. Polymerization rates in the absence and in the presence of 
variable concentrations of alkoxyamines are nearly the same, indicating that 
majority of radicals are produced by self initiation! The equilibrium constant 
of reversible cleavage of alkoxyamines at 1200C is K-10-l0mol/L as 
estimated from kinetics and concentration of TEMPO observed in the 
polymerization. Rate constant of activation (cleavage) of alkoxyamines is in 
the range of ka=3-10-3 s"1. Correspondingly, rate constant of deactivation 
(reaction of growing radicals with TEMPO) is in the range of kj-3-107 mol- 
'•Ls-'. In addition to self-initiation, propagation, exchange and termination, 
other side reactions such as transfer and decomposition of alkoxyamines are 
also present. 
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